This paper presents a drag reduction study using active flow control (AFC) on a generic bluff body. The model consists of a simplified truck cabin, characterized by sharp edge separation on top and bottom edges and pressure induced separation on the two other rounded vertical front corners. The pressure induced separation reproduces the flow detachment occurring at the front A-pillar of a real truck [1] . The prediction of the flow field by partially averaged Navier-Stokes (PANS) simulations, conducted on a relatively coarse mesh, is validated against wind tunnel data (pressure measurements and particle image velocimetry (PIV)) and resolved large eddy simulations (LES) data. The Reynolds number for both simulations and experiments is Re = 5 × 10 5 (which corresponds to 1/6 of a full scale truck Re) based on the inlet velocity U inf and the width of the model W = 0.4m. A validation of PANS results is followed by a CFD study on the actuation frequency that minimizes the aerodynamic drag and suppresses the side recirculation bubbles. PANS accurately predicts the flow field measured in experiments and predicted by a resolved LES. The side recirculation bubble of a simplified truck cabin model is suppressed almost completely and a notable drag reduction by means of AFC is observed.
Set-up

75
The interrogated region, the numerical set-up and the experimental set-76 up are described in this section. 
The LES equations
103
The governing LES equations are the spatially implicit filtered Navier- 
and
Here,ū i andp i are the resolved velocity and pressure, respectively, and the 109 bars over the variables denote the operation of filtering. The influence of the 110 small scales in equation 2 appears in the SGS stress tensor, τ ij = u i u j −ū iūj .
111
The algebraic eddy viscosity model, described in [30] , was employed in this
112
work. The Smagorinsky model represents the anisotropic part of the SGS 113 stress tensor, τ ij as
where the SGS viscosity,
and,
where
The Smagorinsky constant, C s = 0. 
where n + is the wall normal distance in viscous units. 
The PANS equations
122
The PANS governing equations are defined by the following model [32, 33] .
where τ (V i , V j ) is the generalized second moment [34] and represents the effect 125 of the unresolved scales on the resolved field. The Boussinesq assumption is 126 now invoked to model the second moment:
Here, k u is the unresolved kinetic energy, by the following set of equations:
is the unresolved turbulent viscosity.
is the 140 production of the unresolved turbulent kinetic energy, which is closed by the as: using the unresolved kinetic energy:
where CFL Fine 16 mil. < 0.5 < 2 < 100 < 100 < 35 < 35 < 1 Coarse 4 mil. < 0.5 < 2 < 450 < 450 < 120 < 120 < 1 
225
The POD here is made on velocity components and pressure snapshots 
The fluctuating part is then approximated, by the SVD approach, with spa-240 tially dependent modes, v i , and time dependent mode coefficient, b i , as
The definition can now be written in a more compact form if one considers
The first and second moments of the POD modes coefficients are:
The energy content of the single mode, K i , is approximated from the mode 245 coefficients as
and the total energy, K Σ (t), is evaluated as
In the present study, the POD analysis was performed over 800 snapshots The magnitude of the velocity at the actuation region (G in Fig. 2 (d) ),
264
U af c , was defined by a time varying (uniform in space) boundary condition 265 as follows,
where U inf is the magnitude of the free stream velocity, and f a is the actuation with respect to the energy of the unactuated flow.
Here, ρ j = ρ is the flow density and T is the actuation period. C η = 1.22 × 279
Here f represents the frequency in hertz. 
Results
281
This section is divided into two parts. First, a validation of PANS against 
Validation: PANS and LES compared to Experiments
291
The goal of this validation effort is to compare the prediction capacity of 
Velocity and Reynolds stress profiles (PANS, LES and experiments)
prediction, is shown in Fig. 7 .
307
LES mispredicts the recirculation bubble when the grid is too coarse.
308
On the other hand, PANS provides a good prediction using the same coarse 309 mesh. This is valid for both the stream-wise (Fig. 7 (a) ) and span-wise
310
( Fig. 7 (b) 2.5% and 0.6% (in x and y direction respectively) from the PIV one. As a 317 consequence, the normal ( Fig. 7 (c) ) and the shear ( Fig. 7 (d) ) stress are Last, a grid independence study is performed to corroborate the predic-362 tion agreement of the PANS method. Table 3 lists the coefficients of drag (gray solid lines in Fig. 15 ), the coarse LES calculation suffers a 16% drop 366 of C d . In contrast, PANS holds on (within a 4% error) to the baseline value.
367
The experimental set-up did not allow direct measurements of the aerody- [28], for a five times lower Re, are taken as a guideline (and are shown to 382 be scalable for this Re range) to design the actuation parameters used here. Fig. 18 (a) ), are the largest, spreading over large part of the observed domain. On the other hand, the structures devel-
412
oped by the last actuated case, F + = 3 (Fig. 18 (c) (a)) comparable to the first mode of the unactuated flow ( Fig. 13 (a and d) ),
422
actuation F + = 2 generates structures ( Fig. 18 (b) ) comparable to the sec-
423
ond mode of the unactuated flow ( Fig. 13 (b and e) ), and actuation F + = 3 424 generates structures (Fig. 18 (c) ) comparable to the third mode of the un-425 actuated flow (Fig. 13 (c and f) ). closer look at the 3D structures in Fig. 21 , the formation of hairpin vortices is rarely observable for case F + = 0.7. Rather, the separation of the flow is 
